We study first the box-diagram contribution to the γp → K 0 Σ + process to understand the anomaly of the kaon photoproduction cross section from CBELSA/TAPS experiment at Electron Stretcher Accelerator (ELSA), where the imaginary part of the scattering amplitude from the boxdiagrams is calculated by using Cutkosky's rules in the on-shell approximation while the real part of the amplitude is derived by dispersion relation calculations. Together with the results of the K-MAID model, the contribution of the box-diagrams fails to provide the sudden drop of the differential cross-section between the K * Λ and K * Σ thresholds. In addition, we include the ∆(1940) resonance in the process to complete the description of the differential cross-section. Combining the contributions from the K-MAID model, the box-diagrams and the ∆(1940) resonance, we have obtained the theoretical differential cross-section the γp → K 0 Σ + process, which is compatible with the CBELSA/TAPS experimental data. * lxy
I. INTRODUCTION
The study of photoproduction processes is an effective tool to investigate the internal structures of the baryon excitations [1] [2] [3] [4] [5] [6] as well as the hadronic interactions and its dynamical generated resonances and quasibound states [7] [8] [9] [10] [11] [12] [13] [14] . One of the theoretical milestone was accomplished by Kroll and Rundermann [15] . The Kroll-Runderman theorem provides model-independent predictions of cross sections for pion photoproduction, i.e., γN → πN , in the threshold region by applying the gauge and Lorentz invariance. Later, the general formalism of scattering amplitudes is constructed by Chew, Goldberger, Low and Nambu [16] , known as CGLN amplitudes for single-pion photoproduction from the nucleon, which provides a systematic and convenient framework of theoretical calculations to compare with the experimental observables at the low-energies regime. Numerous research works on both theoretical and phenomenological approaches have been done so far, for example, phenomenological Lagrangian [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , coupled-channel dynamics [7, [27] [28] [29] [30] and quark models [31] [32] [33] [34] [35] . One of the reasonably successful models of the meson photoproduction is the so-called MAID which is developed by a research group at Mainz University [36] [37] [38] [39] [40] [41] [42] (see [43, 44] for recent reviews) based on chiral effective Lagrangian in the Born approximation with observed resonant channels. The model has been extended to the strangeness sector of the meson photoproduction (called K-MAID the reaction, one may calculate the coupled-channel effects of the vector-meson and baryon interactions or boxdiagram in the on-shell approximation of the intermediated states. In addition, the similar results of the K 0 Σ + photoproduction have been found previously in Crystal Barrel experiment [50] .
After the speculation of the anomaly of K 0 Σ + photoproduction was proposed in Ref. [49] , the cross-section of the γp → K 0 Σ + reaction is investigated [51] , by applying a chiral unitary coupled-channel approach with the effective chiral vector-meson and baryon interactions from hidden gauge formalism. The results in Ref. [51] exhibit the sudden drop of the cross-section in the region of the K * Λ and K * Σ thresholds and it is compatible with the experimental data.
In this work, we will carry out detailed calculations for the one-loop box-diagrams of the γp → K 0 Σ + reaction in chiral effective Lagrangians by using the Cutkosky rules or the on-shell approximation of the intermediated states. In addition, we also include relevant Born diagrams with modified parameters of the K-MAID as well as contributions from N * and ∆ * resonances. We expect to shed some light on the understanding of the anomaly of the different cross-section from the CBELSA/TAPS experiment and the work would be of some value for the understanding of hadronic structures and interactions in the K 0 Σ photoproduction process. We outline this work as follows: the ingredients of the box-diagrams and related formalisms are presented in the section II. The numerical results of the box-diagrams in on-shell approximation, modified K-MAID and additional baryon resonance are shown in the section III. In the last section, we will give the discussions and conclusions of this work.
II. FORMALISM
In this section, we present the formalisms for studying the differential cross-section in the γp → K 0 Σ + process. We divide the ingredients of our formalisms into three parts as the box-diagrams, modified K-MAID and baryon resonance. The details of these ingredients are given in the following subsections.
A. The box-diagram calculations in the on-shell scheme
Effective Lagrangian for kaon-photoproduction process
The relevant Feynman box-diagrams for the γp → K 0 Σ + process are depicted in Fig. 1 . The chiral effective Lagrangian for the γ K * K coupling is given by [52, 53] 
Box-diagrams: Vector kaons and hyperons generated as the intermediated particles, and then inelastically rescattered to the K 0 Σ + final state. and the chiral effective Lagrangian for the π K * K coupling reads [52, 54] 
For the meson-baryon interactions, we employ the axialcoupling vertices which are written in terms of the isospin basis [55] 
where the phase convention of mesons and baryons in the isospin basis is defined by
The isospin generators τ are usual Pauli matrices,
Imaginary part of the scattering amplitudes in the on-shell scheme
We calculate here the scattering amplitudes of the boxdiagrams for K 0 Σ-photoproduction in the on-shell approximation. First of all, we assign the four-momenta for each particles as γ = γ(k) , p = p(p) , K 0 = K 0 (q) , Σ + = Σ(p) , K * = K * (l) .
In this work, we apply the Cutkosky rules to our boxdiagram calculations. The formalism is to calculate the imaginary part of scattering amplitudes based on the op-tical theorem of the Feynman diagrams (for more detailed discussion see Ref. [56] ). The physical meaning of the scheme is that there are re-scattering effects between mesons and baryons in the intermediate states.
The imaginary part of scattering amplitudes of the boxdiagrams takes the generic form
where the summation of overall intermediated particles spin is implied, Y = Λ, Σ, and l is the 3-momentum magnitude in the c.m. frame of intermediate K * particle, reading as
We obtain, from the above effective Lagrangians, the amplitudes M L and M R (see Fig. 2 for corresponding Feynman diagrams of M L and M R ),
where u p,Σ,Λ stand for the spinors of the proton, Σ and Λ baryons respectively, and µ (γ,K * ) are the polarization vectors of the photon and vector K * meson respectively. F X (q) are form-factors introduced to regularize the high momentum behavior of the meson-baryon couplings, taking the form,
where X = K , π . Here we take Λ K = 900 MeV and Λ π = 450 MeV. Note that the identity l µ * µ (l , m K * ) = 0 is applied to above equations.
As the data analysis of the experimental results and the speculation from Ref. [49] indicate that the t-channel is dominant, we consider the t-channel amplitudes for the on-shell intermediate states only. Then the imaginary part of scattering amplitude can be written in the following form,
The Im M 
mπ , and the scalar dot production of the fourvector is used by the notation
With the same manner, one obtains the imaginary part of scattering amplitudes, Im M (2) box and Im M
box . They are given by Im M
It is convenient to write the scattering amplitudes in terms of the CGLN amplitudes which have been widely employed to study the photoproduction processes [16] . The transition amplitudes in Eqs. (15, 16, 17) can be ex-pressed in terms of the CGLN amplitudes,
where index i = 1, 2, 3 . The detailed derivation of the CGLN amplitudes of the box-diagrams is shown in the appendix, and the generic form of the CGLN amplitudes (F i ) is given in Eq. (A.13). In the above equation, we have defined the kinematic variables in the c.m. frame. The (real) photon polarization has the component as µ = 0 , ε , and the components of the 3-momenta k , l and q are given by
here we used notation | k | = k , | l | = l and | q | = q and all kinematic variables are in c.m. frame i.e. k = − p and q = − p . In addition, the three-momenta, k , and q are written by
In this work, the input parameters of the on-shell boxdiagram calculation are taken from literatures, g πK * K = − 3.26 [57] , g (c)
γK * K = 0.254 GeV −1 [53] , g (0)
γK * K = 0.388 GeV −1 [53] , g KN Λ = − 0.95 [55] , g KN Σ = 0.27 [55] , g πΛΣ = 0.71 [55] , g πΣΣ = 0.74 [55] , Λ K = 900 MeV , Λ π = 450 MeV . The imaginary part of the boxdiagram amplitudes will be calculated numerically and also employed to obtain the real part by using the dispersion relation in the next subsection.
The real part of the box diagram amplitudes
The intermediate states would contribute the dispersive (real) part of the box-diagram (loop) amplitudes beyond the K * Λ and K * Σ thresholds. The real part can be determined via the dispersion relation [58] ,
where P stands for the principal value of the complex integration, and M K * Λ and M K * Σ are the thresholds of K * Λ and K * Σ masses respectively. The real part amplitudes are calculated numerically and we will show the results in the next section.
B. Modified K-MAID
In this work, we will use the K-MAID model as the first-order approximation to the K 0 Σ + photoproduction (see [44] for the latest status report). The K-MAID contains all possible Born amplitudes (tree-level) with S, P and D wave excitation states N * up to 1910 MeV. It has been demonstrated in Ref. [49] that the K-MAID can not satisfactorily describe the data. However, the K-MAID is still a good model and useful for studying the γp → K 0 Σ + reaction below 1900 MeV by adjusting the model parameters. Moreover, the K-MAID model provides the CGLN amplitudes which can be incorporated to our box-diagram results directly. We extract the numerical value of CGLN amplitudes from the website www.kph.uni-mainz.de/MAID/kaon/ with modified parameters in the K-MAID model,
The result of the modified K-MAID with respect to the data is depicted as dashed line in Fig. 3 
(upper panel).
With the proper modification of the K-MAID parameters in Eq. (22), the result is compatible with the data up to c.m. frame energy around 1920 MeV. However, the modified K-MAID still mismatches the experimental results beyond 1920 MeV. This requires additional mechanism such as box-diagrams and baryon resonances to understand the data.
C. ∆(1940) resonance
To improve the K-MAID model results of the differential cross section below the K * Λ threshold around 1960-1980 MeV, we propose to include the ∆(1940) resonance which contributes via the process γp → ∆(1940) → K 0 Σ + . Here we take the vertices and propagators from Refs. [23, 59, 60] . In particular, we follow the notation and convention for analytical expressions from Ref. [60] which are compatible with the results from K-MAID model. For more detailed formalism, we refer to Refs. [23, 59, 60] . The coupling constants of the corresponding effective Lagrangians of the ∆(1940) resonance in the K 0 Σ photoproduction will be estimated in the subsequent subsections.
Electromagnetic couplings
In this subsection, we will fix the electromagnetic couplings κ 1 and κ 2 that appeared in the effective Lagrangians [23] and [59] (Lyon and Saclay groups). Since the coupling of a spin-1 photon and a spin-1/2 nucleon to a spin-3/2 resonance can be constructed in two different ways, there are two helicity amplitudes,
The numerical values of A 1/2 and A 3/2 are taken from PDG for the ∆(1940) electromagnetic decay. To fix the electromagnetic coupling constants, one can convert the above equations into an appropriate form as
Taking as inputs the known parameters from PDG [61] , m R = 2.000 GeV , m p = 0.983 GeV ,
By using Eqs. (24) and (25), we estimate the electromagnetic coupling constants as e κ 1 = 0.667 +0.406 −0.328 , e κ 2 = 1.281 +0.877 −0.576 .
To make our prediction compatible with the CBELSA/TAPS data, we will use the values e κ 1 = 0.34 and e κ 2 = 0.82 in the latter calculation.
Hadronic decay
With the help of the effective Lagrangian we introduced in the first section, the amplitude of the ∆(1940) → KΣ decay process is derived as
The decay width in the ∆(1940) rest frame is written as
where the magnitude of the 3-momentum p K is defined as
The strong decay width, Γ ∆(1940) → KΣ is estimated, based on the PDG parameters in [62] and the data in Ref. [63] ,
One finds
where we have used the central value for Γ total but Γ ∆(1940) → π N / Γ total = 3 %. Then we fix the value of coupling constant f KY R with the relative sign, ε in the following estimation
where we have used Γ ∆(1940)→KΣ = 2.3 MeV as Γ ∆(1940)→KΣ = 2.0 − 2.5 MeV leads to a good fit to experimental data. It is found in our calculation that ε = −1, the relative sign of f KY R , results in a better description of experimental data than ε = 1. Moreover, we will use the hadronic form factor, F ∆(1940) , for K 0 Σ + photoproduction with ∆(1940) resonance as,
where Λ ∆ is the cut-off momentum of ∆(1940) . In this work, the cut-off Λ ∆ = 500 MeV is used. We will incorporate the ∆(1940) resonance amplitude with all parameters estimated here to the box-diagrams and the modified K-MAID in the next section.
III. NUMERICAL RESULTS
In this section, we calculate the differential crosssection for the γp → K 0 Σ + photoproduction process by including the contributions of the box-diagrams, the modified K-MAID and the ∆(1940) resonance and compare the results with the experimental data [49] . In the original convention and notation in Ref. [16] , the differential cross-section in c.m. frame is defined by [16, 18] 
with
The CGLN amplitudes F i for the γp → K 0 Σ + photoproduction process are given by
where
are the CGLN amplitudes for the modified K-MAID model, the ∆(1940) resonance and the imaginary part of the box diagrams 1, 2 and 3 respectively. We have introduced as free parameters the hadronic phases, θ 1,2,3 to the box-diagram amplitudes. The parameters are determined by fitting the contributions of the box diagrams to experimental data,
In addition, the parameters α, β, δ = 0, 1 are employed as switches to see the contributions of the K-MAID model, ∆(1940) resonance and box diagrams to the total amplitude respectively. The numerical result of the imaginary part of the boxdiagrams and K-MAID amplitudes are shown in the upper panel of Fig. 3 by setting α, δ = 1 and β = 0 . The downfall of the differential cross-section is contributed by the on-shell intermediate K * Λ and K * Σ states in their mass threshold region. This implies that there are rescattering effects between the vector kaons and the hyperons in the intermediate states of the processes as depicted in Fig. 2 . It is found from Fig. 3 , however, that the box-diagram and K-MAID amplitudes can not describe the data from 1920 MeV to the K * Λ threshold.
Shown in the lower panel of Fig. 3 are the results including the ∆(1940) resonance contribution, where the dash line is the result contributed by the modified K-MAID, the imaginary part of the box-diagrams, and the ∆(1940) resonance with the hadronic phases θ 1 = 37.74 • , θ 2 = 47.14 • , θ 3 = 47.82 • while the solid line is the result contributed together by the modified K-MAID, the full amplitudes (real and imaginary parts) of the box-diagrams, and the ∆(1940) resonance. One can see that the inclusion of the ∆(1940) resonance contribution largely raises the differential cross-section, leading to an excellent agreement with the anomaly of the K 0 Σ + photoproduction data.
The bump structure may merely stem from the inter-ference between the amplitudes as the inclusion of the real part of the box-diagrams contributions results in the disappearance of the structure.
IV. CONCLUSIONS
In this work, we have calculated the contributions of the box-diagrams, the modified K-MAID model, and the ∆(1940) resonance to the differential cross-section of the photoproduction reaction γp → K 0 Σ + . The imaginary part of the amplitudes of the box-diagrams is obtained by using the Cutkosky rules while the real part is calculated by using the dispersion relations from the imaginary part of the box-diagram amplitudes. The hadronic phases of the on-shell amplitudes of the box diagrams are introduced as free parameters determined by fitting the theoretical results with the CBELSA/TAPS data.
It is found that the modified K-MAID model provides a good description of the K 0 Σ + photoproduction up to 1920 MeV, and that the inclusion of the ∆(1940) resonance which contributes via the process γp → ∆(1940) → K 0 Σ + is necessary to describe the anomaly of the CBELSA/TAPS data.
The work reveals that the theoretical results are sensitive to the property of the ∆(1940) resonance. Therefore, one may suggest that this two-star resonance may be further investigated in experiments via the γp → K 0 Σ + reaction. We give in the section the detailed calculation of the on-shell box-diagrams in the K 0 Σ + photoproduction process. As mentioned earlier, the CGLN amplitudes are invariant amplitude of the photoproduction in the c.m. frame, and can be conveniently incorporated with other sophisticated photoproduction models. The CGLN amplitudes for the box-diagrams shown in Eqs. (15, 16, 17) will be extracted in the appendix. We start from the most general Lorentz covariant transition matrix element for the photo-production process, which takes the generic form [19] M =ū(p)
where B j are scalar functions and N µ j are four-vector quantities given by
N µ 4 = γ 5 γ µ , N µ 5 = γ 5 k / P µ , N µ 6 = γ 5 k / q µ .(A.2) One notes that the internal momentum, l µ always appears in the on-shell amplitudes (15, 16, 17) and it will appear on the basis N µ i . To factorize the l µ momentum out from the basis N µ i , we decompose l µ in the following way by using Lorentz invariant principle as,
where a, b, and c are scalar functions, derived as
In addition, the incoming, p, and outgoing,p, momenta of baryons are also replaced by using the following substitution
where we have defined P = 1 2 (p +p) . By using the above definitions for l µ , p µ andp µ , and substituting to Eqs. (15, 16, 17) , one obtains the decomposition of the amplitudes (15, 16, 17) in terms of the scalar functions B i defined in Eq. (A.1) by using the FeynCalc package [64, 65] in Mathematica. The scalar functions B i are given by 
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